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ABSTRACT

The source range monitor (SRM) data recorded during the fir~s: &
nours of the Three Mile Island Unit No. 2 (TMI-2) accident fcllowing
TeACLOr SnuLllown were ana.yzed. An elfor: to simulate the actual SRM
response was made dy performing a series of neutron transpor:
calcu.ations. Primary emphasis was placed on simulating the changes
‘{n SRM response to various system events curing the accident, so as to
obtain useful information about core conci:ions at the various stages.
SBased on the known end-state ~eactor conditions, the major system
events, and the actual SRM reacdings, self-consistent estimates were
zade of core liquic level, void fraction in the coolant, and locations
27 core zateria.s. This analysis expands the possible interpretation
¢? the S2M cata relative 0 core Camage progression. The results
appear :Cc be consisten: with other stuc.es of the TMI-2 Acciacent
Tvaluation Program, and provide infcrmation useful for the development

anc deter=!~a:ion of zthe TVI-2 accldent scenario.
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Y INTRODUCTION

The acci{dent at the Three Mile Island Nuclear Generating Station
Unit=-2 (TMI-2) resulted in extensive damage to the reactor core of
this pressuri:zec water reactor (PWR). This damage included fuel
melting and the relocation of 10-20 tonnes of the fuel {nto the lower
Plenum. K numdber of groups'~!? have studied the accident i{n an effort
*C understand the various events that resulted i{in the existing final
core configuration shown in Figure 1.1.

The accident (s the most severe to have occurred at a commercial
PWR reactor to date. A better understanding of its progression as
well as quantificatiocn of a number of unknown parameters will provide
insight regarding degraded core accidents anc¢ their mitigation. This
work examines the ~esponse 07 the source range monitor (SRM) during
the accident in an attempt 0 resolve a number of outstanding issues
including the following:

a. Wnat w“as the coolant inventory as a function of time?

B How can the relocation of the core {nto the lower plenum and

the formation -7 a cooladble configuration de understood?

o what was the precise sequence of events tha: led to the core

relzcatlion?

d. What nagcene2 to the control rod material 3uring the 2ore

neat-up and subsecuen: Zegracdation”

The study was ocndultel as part of the TVI-2 Accident Zvaluatic-
Progras.” Tn!s prcgram {s sponsorel Ty trhe U.S. Depariment of Energy
ind !s directe: towards understanding what nappened during the

azclzent a~d resclving %he outstancing -echnizal !(ssues re.ating to
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the accident. The analysis reported here complements this effort
providing additional insight {nto the progression of the accident.

The analysis examines the SRM data recorded during the first four
hours of the accident. Normally these detectors provide a measure of
the neutron level in the reactor when the reactor (s shut down or at
very low power levels. The response of the detector s determined by
the neutron flux at the detector location. Tnis flux {s in turn a
function of the core power history, fue. distribution, moderator
density anc distridutior, and the distribution of control rod material
in the reactor. Previous work has shown that these ex-core detectors
provide a measure of the global status of the core and contain useful
information on a variety of parameters relating to the fuel, moderator
and control elements.!?'!" Since the detector response during the
accident deviated significantly from that of a normal shutdown for an
undanaged core (see ~ig. 1.2).'% an analysis of the SRM response
should provize additional lnsight into and details of the accizen:.

As part of the TMI Accident Evaluation Program, the information gained
‘n this way will de a benchmark in the development and verification of
a cest-estimate accident scenaric.

Figure 1.2 depicts the accident progression®+* as zetermined from
known end-state conditicns of the core and reactor vessel, data from
slant {nstrumentaticn reccrcec curing the accicent, anc the results
s~om best-estimate ara.yses <! the accident employing the severe core
i1a=age accilient progress:on cocde SIDAP.'* Part of this wcrx was
idirected cowards zeterz.ning .7 the SRM response was consistent with
+~1s scenarioc. The remainder cf this secti~on zescribes :ne

scenario® an2 the u.ncertainties relating o {:.
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The accident was initiated by a loss of feedwater. Through a
series of operator errors, marginal design, inadequacies in training
and emergency procedures and the mechanical failure of the
power-operated relief valve (PORV) to fully close, this loss of
feedwater transient resulted in a small-break loss of coolant accident
(LOCA). Between 100-120 minutes after the initial loss of feedwater,
the core began to uncover. This is substantiated by the measurement
of superheated steam in the hot legs at 113 min. Best-estimate
predictions indicate that core temperatures were high enough to
balloon and rupture the fuel rod cladding at about 140 min, releasing
some of the noble gases and other more volatile fission products, such
as the iodine and cesium located in the gap between the fuel pellets
and the cladding. Fission products were detected by the containment
radiation monitor at about 143 min. These predictions also suggested
that cladding temperatures began to rapidly increase at about 150 min,
due to zircaloy cladding oxidation, and quickly exceeded the zircaloy
cladding melting point (~2170k). The molten zircaloy is thought to
have dissolved some of the U0 fuel. The liquefied mixture probably
flowed down and solidified in the lower, cooler regions of the core.
The lowest level to which the molten material flowed was probably
coincident with the coolant 1liquid level, which is estimated to have
been in the lower one-third of the core.

By 174 min (just prior to the primary coclant pump transient, as
discussed later), local core temperatures hacd probably reached fuel
melting, particularly in the central, nighest-temperature regions of
the core. Between one-quarter and one-half of the core probably

attained cladding melting temperatures and some subsequent fuel



dissolution and relocation. During the time period between 150 and
178 min, a relatively solid region of core materials composed of
previously molten and {ntact fuel rods could have formed, as
fllustrated in Figure 1.3.a. The top of the core probably consisted
of nignly oxicdized fuel rod remnants. High-temperature molten
material probdbadbly had not yet penetrated delow 0.75 m above the bottom
of the core, since the Self Powered Neutron Detectors (SPNDs) at Level
! and 2 (2.25 and 0.75 m above the core bottom, respectively) did not
indicate any anomalous behavior.

The primary coolant pump transient at 174 min. rapidly injected
some water into the core. However, the amount of water and the extent
of core cooling is not known. Furthermore, f.ow blockage, resul:ing
from the relocated material in the lower regions of the core probably
iimited coolant flow :intc tne core. Thermal and mechanical shock due
to the injected coolant would result in emdrittlement and
fragnenzation of the fuel rod remnants in the upper regions o5f the
core. These fuel rod fragments could have collapsed downward towards
the molten and relocated core material, forming the r~ubble bed shown
in Flgure 1.3.>.

Thermal ca.culations and flow estimates suggest that the zone of
relocated core zaterials continued o heat up even after injecticn of
this water {nto the 2ore a%t 174 minutes. These calcu.ations are

aonsistent with recent ana.ysis of tne {n-core thermocouple alarms.

zcre by falling dack frot a high-temperature alarm state, wh.le the
central “rnermocouples remained :in thei~ nigh-temperature alarm stlate

<180 the core was f.ooded ~.th coolant, indicating the presence of a



temporarily noncoolable mass in the central part of the core even
before the pump transient.

Most, if not all, of the core materials found in the lower plenum
probably relocated at approximately 225 min in a molten form. This
relocation was indicated by anomalous output from the Level 1 and 2
SPNDs and by a very rapid increase of approximately 2 MPa in the
primary system pressure. The increase in system pressure was
apparently caused by the generation of substantial quantities of steam
as the hot core material flowed into water in the lower plenum. The
steam and water probably fragmented the molten material as it
relocated into the lower plenum. This fragmentation may have resulted
in the formation of a coolable configuration in the lower plenum.

Core heatup and further core degradation were probably halted at this
time by the presence.of water in the lower plenum and the continued
injection of water into the RCS by the high pressure injection system.
The postulated final damage configuration of the reactor core and its
support structures is illustrated in Figure 1.3.c.

As discussed by reference 6, a number of basic issues remain to
be resolvecd. These issues are given in Tatle 1.1. The cobjective of
this Wwork was to analyze the SRM response, particularly during those
times corresponding to when the dramatic changes in core geometry or
coolant conditions were thought to have occurred, to allow
denchmarking the accident scenario discussed here as well as to
resolve a number cof tne outstanding technical issues :dentified in
Table 1.1,

To accomplish this obiective, a series of neutronics calculations

were performec using the DOT 4.3 computer code. These simulated the



TABLE 1.1

Unresolved Technical Issues
Related to the Accident Sccncrio‘

RCS Tme-mal-Hydraulics

1.

2.
3.

What was the coolant inventory as a function of time?
What were the fiow patterns within the reactor vessel?

how was the core reflooded?

Core Damage Progression

1.

&

What was ‘he peak temperature?

How d'd the coni-o' and burnable poison rod: ‘nteract with the fuel
rods?

what was the ex:ent of flow blockage, and how d1d 1t a‘fect the
hycrogen production’

How can the relocat'on of 'he core iInto lower plenum anZ ‘he
subsequent ‘orma:ton of a coolable configuration be uncerstood’

wWhat was the degree of damage to the core support assemdly,
instrument struc:ures, and RV lower head?

fv¢sion Produc: Sersvior

L

~o

Wha' <ere tne releases f-om tre fue' of the less volatile f*ssion
croguits?

whil -ere the chemical forms of the fission sroduc's?

ahat were he ohysical and chemical interactiorc that e“fected
f1sston sroduct transpor:?

kow C'0 t%e 'zrgoter~ cxposJyre to an agueous envirzament affe
figsston sroduct denav sl :




material conditions in .the reactor during the accident in an effort to
reproduce the SRM response.

In the sections that follow, the analytical approach as well as
prior work are described. Specifically, section 2 describes prior and
related work. In section 3, the calculational method used in this
analysis is presented along with benchmark calculations. Section 4
presents the results of the analysis as well as the uncertainties.

Section 5 provides a summary of the conclusions of this work.
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2. PREVIOUS WORK

A number of previous works have analyzed the TMI accident {n an
attempt to understand its progression. These studies include analysis
of the SRM response as wel. as analyses of the response of other
incore and ex-core instrumentation. This section descrides a number
of these stucdies relating to the present work.

“he SRM response during the firs: 240 minutes o7 the accident is
shown {n Fig. 2.1.' A nuzber of groups including NSAC,'~® Malloy and
Chang,® and ORNL' have examined the r~esponse.

The NSAC study analyzed the response during the accident in an
effor: 0 correlate the structure with various system events and a
postulatec scenario. They explained the s:iructure as follows.

The increase !n ccunt rate from poin: B to point £ of Fig. 2.1}
was 2ue 0 homogeneous vo:cing in the core and downcomer (caused Sy
water flashing to steam as the system pressure decreased) wnich
resultec {n decreasecd attenuation of the neutrons. The 3- and A-loop
coclant pumps were turned off at point D and point I respectively.
Turning ¢f7 the A-_00p coolant pumps is delieved 0 have caused rsnase
separation, with tne steam vcids moving up and the ligsuid water
sett.ing downward in the vessel. and primary system. This would have
res.lted in liguid water filling the core anZ gswntchmer CBuSing the

0uUnT ~ate O CGrop at ocint T. It !s telieve? that at that time the

(a4

(%

ne core an

O

coolan: mass !nvenisry was s$till sufflcient to ocver
£111 <ne downcomer. Fllling of tnese regicns witn ¢oolant of near
norcal density #ou.ld cause the count rate 0 ¢rop IC nearly tne nermal

val.e for arn unvolded ccre as ogccurred ac pcint Y. The norzal cZecay
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curve shown 1n Figure 2.' is that resul:iing from an actual TMI-2 scram
that occurred at TI about one week defore the accident.

As the core heatup continued, the coolant boiled off, the core
began to uncover, and the downcomer water level began to drop. The
decreasing levels caused the count rate to increase from points F to
point E. It shoul¢ de noted that the downcomer water lavel should be
lower than the ccrresponding two-phase mixture level in the core due
to the hydro-static pressure equilidrium.

The leveling off and decrease of the count rate from point H to
point I could be accounted for either by the overfilling or continuing
to empty. In eempeying, two counterbdalancing effects ‘nteract to
produce a decreasing count rate. As the water level decreases, the
amcunt of neutron shieliing decreases. This cecrease increases the
.eakage cf neulrons from tnhe core, tending to ra'se the count rate.

At the same time, the lcss of coolant lecreases both the photoneutron
source strengin ancd the effect!ve neutron multiplication factor of the
core, causing a decrease !n source strengih. The Jecreasing source
streng:n tenis 0 cecrease the detector count rate. 3Sased on water
Ti0w rates anc cther evigence, the vessel is thcught to have contlnuec
TO e=2%7. At point J, the short-term flow frcm the operation of the
numbe~ 23 pump prcdadly filllec the downcomer™ and caused the rapid
rcp in SPM count rate. From point J o L, the water (njlected by the
23 pump s do'led 077, Cecreasing shie.Z{inz an2 increasing neuircen
leve.s at the SRV, A% point L, tne High Pressure [n‘ecti:cn System
5213) fille~ ne cowncomer and the core regions, thus r~etur-ning the

gcunt mate T near Ut nigher tnan norTal values.

13



The interpretation discussed above showed that the response of
neutron detectors locgted outside the reactor vessel could be
correlated with the coolant conditions in the TMI vessel during the
accident.

To understand the effects of the vessel coolant status on the
ex-core detector's response, a detailed neutronics analysis is
required. Fer large-break LOCA's, Gundy'® has analyzed several LOFT
experiments using such an approach. NSAC!+? and Malloy and Chang®
performed similar analyses for the TMI accident.

These analyses focused on the coolant status during the first 174
minutes of the TMI accident. DBecause the extent of the core damage
was unknown at the time these studies were conducted, an intact core
configuration was assumed. Video and sonar data,'°'!? have shown that
the core was severely damaged in the accident. Furthermore, thermal
hydraulic data recorded cduring the accident suggests that this damage
began as early as 140 minutes into the accident. As a result, the
work by NSAC and Malloy and Chang are suspect beyond the onset of core
damage. It is necessary to analyze the SRM signal beyond this time In
iight of this new information.

Zstimates of coolant inventory have also been done using
available thermal hydraulic cata, system operation characteristics,
and tne initial conditions prior to the accident.? Tne core liquid
level based on the analysis in Reference 2 is given in Fig. 2.2. It
shoul< te noted that the data shown :in Fig. 2.2 {s basecd only on

thermal nydraulic consicerations and do not take into account tne SRM

data or analyses.

o)
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In Reference 3, a comprehensive analysis of core instrumentation
and other instrumentation responsive to fuel degradation during the
TMI accident is reported. The purpose of that analysis was to try to
understand and assess the core damage at TMI. The instrumentation
examined included core exit thermocouples, self powered neutron
detectors, ex-core neutron detectors, and containment radiation
monitors. The ex-core detector work included a detalled neutronics
study which updated the earlier unpublished work of Reference 18.
Based on the analyses of the various instrument responses during the
accident, the study concluded that:

a. The response of the containment area radiation monitors at

142 minutes suggests that fuel damage had occurred.

b. The neutron transport analysis of the ex-core neutron
detectors showed that the reactor vessel water level
continuously decreased from the time the last coolant pump
was shut coff (at 100 minutes) until the restart of the 2B
pump at 174 minutes.

Cs The sudden rise in the SRM at 225 minutes along with sudden
changes in other instruments suggests that major core
disruption may have occurred at that time. The report
speculates that this may have been the time at which the
upper core region collapsed and formed the rubble bed.

The revised SRM analysis of Reference 3 included a neutronics-
Dased prediction of core water level, the results of which are shown
in Fig. 2.3.

It should be noted that none of the works discussed above used

models of the core which were consistent with the core damage scenario

ey
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envisioned by the TMI-2 Accident Evaluation Program.® As a result,

the various neutronics analyses of the SRM response are in need of
reexamination. Since it i{s now known that the damage to the TMI core
is much more extensive than originally envisioned in any of these

studies, an updated analysis is needed. For example, the previous

analyses did not consider the core reconfiguration that i{s now thought
to have occurred when the 2B pump was restarted at 174 minutes or the
presence of fuel in the lower plenum.

Finally, several simplifying assumptions were included in the
NSAC transport analyses of the ex-core detectors which have the
potential to significantly alter the results. It was, for example,
assumed that an analysis of the effects of core water level and
moderator density done to explain the SRM behavior prior to 174
minutes could be extrapolated to times beyond 174 minutes. This
extrapolation assumed an intact core, which {83 inconsistent with the
current scenario. As a result, no analysis of the SRM response beyond
the start-up of the 23 pump at 174 minutes was done. Also, the
changing energy content of the neutron flux at the SEM location and
its effect on SRM response was neglected.

3ince core damage is known to influence the SRM response as snown
by Baratta et al,'? any analysis musat take this into account.
Furthermore, as the core voids, the neutron flux at the detector
changes significantly -in its energy content, causing an alteraticr in
SRM sensitivity which must also be accountec for.

A related analysis worth mentioning concerns the fuel
cistridution in the TMI-2 damaged core. This analysis {3 based cn

thermal neutron flux measurements obtained from two strings of solid

.18



state irack recorders (SSTR).'®+?® The SSTR's were installed in the
annular gap between the TMI-2 ~eactor vessel and the biological shield.
Reacings obtained from the SSTR's were then used to estimate the
thermal neutron flux {n the gap.'® The resulting axial flux profile
differed significantly from what would be expected for a normal core,
and suggested that there might be some fuel relocated to the lower
head, although the amount was not quantified in the i{n:tial study.?®

The Zlux profile odtained from the SSTR readings was further
analyzed using the discrete ordinate transpor: code, DOT 4,3, and
assoclated neutronics models o the damaged core.!® A total of eleven
different mode.s were tried. The various models examined differed in
the way the fuel was distributed in the core and !n the source
strength used for the fixed sources.

The SSTR analysis'!® showed that the ther=al flux profile was
dominated Dy neutrons streaming {n “ne arnular gap from fuel in the
lower vessel head. The SSTR readings were also found to be re.atively
insens{tive O the arrangement of the fuel! {ns!de the normal core
region. Satisfactory agreement between the calculated and neasured
thermal f.ux ;r-cfile was obtainec with ‘0 tonnes of UOp i~ the lower
g.enuxz. Al.owing 7o uncertainties !n the calculations and in the
measu~ements { was es:.matec that %here were tetween 5 :o as many as
2+ tonnes of UT, {n the lower plenum. This S3T2 analysis'® for the
first time Qquantifies tme amsunt of fuel ~elscati:srn !n the lower head.
This wes cone orior %0 tnhe vis.al examinatlion cf the lower heal, whicn
confirmed *ne pDresence of 20re ma.erial tnere. Togeiner 4ith the work
<f t=e Acc!dent tva..atl.-n Program, this suggests that the SRM data

~ave -1e potential %o sutstantially i{mprove cur understanding of the



te
core material relocaticn and the core liquid level uneePEEinties
during the accident. Indeed, this inspires the present work and the

approach used herein.



3. CALCULATIONAL METHOD

The source range monitor response depends on two factors:
aeutron source distridution and the shielding effect of materials
between the core and the detector. To analyze the SRM response during
the TMI-2 accilent, bdoth need 0 be modeled properly. In this
section, the calculational method used in the present analysis is
described and {ts adeqQuacy is justified. First, the calculation of
neutron source strength for the period of interest is described in
subsection 3.1. This estadlishes the neutron source distridbution for
the analysis of the SRM response. Second, reactor models are
constructed for computer code simulations. In this work, the
two-dimensional, neutron transport code DOT 4.3*! was used. The
method used by the DOT code i{n calculating the spatial and energy
distribution of the neutron flux in a two-dimensional geometry is
kown as the method of discrete ordinates. In thls method, tne
Boltzmann transport eguation for neutral particles (s approximated
nuperically by a finite spatial mesh, a finite energy mesh, and a
feature unique to discrete ordinates cocdes, a finite angular mesh at
each spatial Tesh. Thus, given a source of neutral particles
(neutrons or photons) and a tatulation of microscopic interact:ion
cross sections {which may include anisotropic scattering), OCT can
provide an accurate approximation of the energy, angular, anc spatial
distridution of the neutron flux anywhere witnin the system deing
nodeled. In adcition, the DJOT code has the capadility to model
sy=metric systems .n one - three :wo-2.mensional ccordinate systems:
X=Y Zartesian geometry, R-Z cyl.indrica. geometry and R=€ >viindrical

geomesry.



In this analysi;. the R-Z cylindrical geometry was used. The
reactor models include core, internals, vessel and shielding. The DOT
symmetry axis was taken to correspond to the axial axis through the
centerline of the reactor vessel. The models were divided into a
multitude of homogeneous zones representing several core sections,
reactor upper internals, lower internals, vessel, shielding, etc.

To assure the adequacy of the calculational method, including the
source term, the reactor modeling technique and the computational
procedure, the method was first applied to two loss-of-coolant
experiments of the Loss of Fluid Test (LOFT) Facility.?? Since LOFT
was well instrumented, more complete measurements of pertinent
parameters were available for comparison with calculations. This
comparison allowed verification of the methodology prior to its use in
analyzing the TMI-2 SRM response during the accident. The reactor
model and the procedure for cross section preparation for the LOFT
facility are described in subsection 3.2, while thcse for TMI-2 are
given in subsection 3.3. Subsections 3.4 and 3.5 describe the
bench~mark calculation of LOFT experiments LP-SB-2 and LP-SB-3,

respectively.

3.1 Source Term Calculation

There are several pcssible neutron sources in a recently shutdown
reactor core. The major source for the first few minutes after
shutdown is the delayed neutron source, which is strongly time
dependent. By using a point kinetics code??® with six delaved neutron

groups, it was determined that the delaved neutron source for the LOFT
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facility during the experiments fell to 1.9”x10° n/sec in 1000 seconds.
A second neutron source arises from spontaneous fission which occurs
due to the buildup of Pu-240 and Cm-242. The {nventory is quite small
in these experiments. This source, as calculated by the ORIGEN code®"®
{s only '.4x10* n/sec. A third neutron source results from the
inventory of the alpha emitters. For example, an alpha-n neutron
source is produced through the reaction

0'® « g =====< Ne?!' « n.
The total neutron source from alpha-n reactions, as calculated by the
ORIGEN code {s 4.38x10' n/sec. The start-up source is from the
spontaneous fission of Cf-252 with a source strength of 3.38x10’
n/sec. The last major neutron source .s from photoneutrons. Fission
products emit high energy gammas which result {n photoneutron

production through reactions such as

This reaction has a threshold energy of 2.226 Mev, so that only the
higher energy cammas can cause this reaction.

figure 3.1 shows the procedures used to calculate the
photoneutron source. The time dependent gamma source from fission
produc: decays was calculated by the ORIGEN code.?* 7o convert thils
gamma source to a neutron source, a shielding calculation was
performec to deteraine the spatial clstr-lbution of the gamma [{lux. A
space anc energy dependent photcneutron source was ca.>ulated assuring
9.2'5% D,0 {n K,O0.

A comparison of tne strengths of the iiflerent neutron sources at
LOFT is ;rovided 'r Tazle 3.1, 1% appears that al. sources are

negligicle with respect to the photoneutron and delayed neutron



ORIGEN

Gamma Source in Core
( 9 Groups with E > 2.26 Mev )

DOT
7 Group Gamma Calculation

Gamma Fluxes in Core

Photoneutron Source
Calculation

5 Group Spatially Distributed
Photoneutron Source

Figure 3.1 Procedure for calculation of photoneutron source.



TABLE 3.!
Neutron Sources in the LOFT Core After Shutdown

Source n/sec Commen=:s

Delayed neutron 3.10:10‘3 - i.97x108 (100 to 1000 sec)

Photoneutron 2.74210'0 = 1 22x100 (100 to 1000 sec)
Alpha-N source N.38x105 (~ Constant)
Spontaneous [iss. 1.40x10° (~ Constant)

Start-up source 3.38:107 (= Constant)




sources. The time-dependent photoneutron and delayed neutron sources
are shown in Fig. 3.2. This figure shows that the delayed neutron
source dominates during the first U400 seconds after a shutdown. The
photoneutron source then begins to become significant at about 400
seconds, and it becomes the dominant neutron source at about 900
seconds.

Since the coolant inventory in the primary system changes very
slowly during a small-break loss of coolant accident (LOCA), it can be
assumed that the neutron flux shape does not change significantly in
the first few minutes. The detector response then follows the delayed
neutron decay curve. At 1000 seconds after the reactor shutdown, the
photoneutrons are the dominant neutron source. The photoneutron
source plays the role of the external source and causes the fission
chain reactions in a subcritical shutdown reactor. The neutronics
behavior of the core in tnis time period depends on the core coolant
status and the strength of the photoneutron source. By assuming that
the flux shape changes very slowly in a small-break LOCA, the
neutronics analysis can then be performed by a series of static
calculations with the estimated core void and source strength
distribution at each time point. Therefore, a shni=lding type
calculation with a distributed fixed source plus fission, was

determined to be the best approach for tnis anal.ysis.




Neution Producitlon Rate (n/sec)
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Figure 3.2. Estimate of photoneutrcon emission rate, delaved neutron

produczicn rate, and total neutron production rate
foliowing scram.
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3.2 LOFT Reactor Model and Gross Section Preparation

3.2.1 Reactor Model

The LOFT facility.?? a 50 MWth PWR, is designed to simulate the
major responses of the components and systems in a commercial PWR to a
LOCA. The facility includes the reactor vessel, the intact loop, the
broken loop, the blow down suppression system, and the Emergency Core
Cooling System (ECCS). The major components of the LOFT facility are
shown in Fig. 3.3, and the reactor is shown in cross section in Fig.
3.4,

Tne neutron detectors are located outside the reactor vessel on a
water filled shield tank. As a result, the neutronic model of the
LOFT reactor covers a large number of regions. The models contain the
core regions, the upper internal regions, the lower internal regions,
the downcomer regions, the reactor vessel, the vessel gap region, and
the biological shielding. Because of the large number of regions to be
modeled, with the corresponding large physical dimensions in each
direction, the mesh spacing size is kept fairly large and the number
of neutron energy groups is kept small to save computation time.

The neutronics model for the LOFT facility was developed from the
geometry given in Reference 17. The R-Z geometry for the model used
in this work is shown in Fig. 3.5. Alsc shown are the locations of
the source range monitor YSRM) and the detectors A, B, T and D which
are part of a specially installed Penn State Non-Invasive Liquid
uevel/Density Gauge System (SRM, A, 3, C and D are located in the

shield tank water region in the figure, respectively). The model
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simulates the core, dpwncomer, vessel, air gap, and the shield tank
beyond the detector location, including the aluminum neutron windows,
which are plates of aluminum in front of the detector tube locations.
The aluminum neutron windows cisplace the water in the shield tank in
front of the detectors resulting in less neutron absorption and a
stronger detector response.?® Boundary conditions used were vacuum
top, bottom and right side and reflected on the left.

The model includes radial and axial core regions. The LOFT core
consists of five full-fuel assemblies and four partial-fuel assemblies
in order to simulate an approximate cylinder (Figure 3.4). The first
radial boundary of the model corresponds to the boundary of the
central fuel assembly. The axial regions are modeled according to the
voiding data available from the LOFT facility. Voiding data available
from the LOFT facility are in the form of a so called 'bubble plot',
which is generated from conductivity probe data.?? The conductivity
probes are located at different elevations in the core and downcomer.
The axial regions were modeled in such a way that every axial region
covers two sections of the bubdle plot data. Tadle 3.2 gives the
axlal and radial mesh spacing used in the LOFT reactor Model. The
spacing used was found to be sufficient to prevent inaccuracies or

negative fluxes in the discrete ordinates "diamond difference" model.

3.2.2 Cross Section Preparation

A five group cross section set was used in the LOFT small-break

T A~

LCCA analysis. The live-group cross section set was collapsed from a

123-neutron-group lidrary. The group structure used in this analysis
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Table 3.2A LOFT Radial Mesh Distribution

0.0 < 1.5 3 3.078 & L.617 5 6.156

7.695 7 9.234 8 1.066E+1 9 1.210E+l 10 1.360E~1

1.50«E+2 13 l.649E+] 13 1.794E+] 14 1.938E+l 15 2.083E+l
,

2.228E+1 17 2.372E+1 18 2.517E+1 19
2.951Ek+1 2 3.096E+1 23 3.210E+1 24 3.308E+1 <5 3.406E+]
3.504E+1 =7 J3.602E+2 28 3.700E+1 29 3.798E~l 30 3.896E+l
3.944E+] 32 &.092E+] 33 L.191EH) 34 vo GLE# 35 4.393E+l

[ 8]

«622E~] 20 2.806E+1

I
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Table 3.2B LOFT Axial Mesh Distribution
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{s shown {n Table 3.3. The 123-neutron-group library has a fast group
structure consisting of the GAM-II energy boundaries combined with a
30-group THERMOS structure below 1.86 ev. The 123-group neutron
library {s {n AMPX master library format.?®* The AMPX code NITAWL?*®
was used tO make a resonance se.f-shielding calculation using the
Nordheix Integra. Method treatment.?’ The geometry, dimensions, and
number densities for the various core regions and unit cells were
taken from Reference 28. The core fuel rod unit cell, which i{s shown
in Fig. 3.6, was a standard single-fuel-rod transport calculation with
no conirol rod material present. The control rod super cell, shown in
Fig. 3.7 consists of one control ~od unit cell and four adjacent fuel
cells. The fuel cells were homogenized at the outermost region of the
super cell. To account for buckling, the height of both unit cells
was chosen to be the core height. The razilal reflector configuration
shown 'n Fig. 3.2 extended out to :rne shield tank water ‘n order to
obtain cross sections for the radial reflectors, the reactor vessel,
the stainless steel shields, the shield tank wall, the aluzinum
neutron window and the snhield tank water. The number densities for
all tne compositions used {n this model ar~e given in Tadle 3.<. Cross
sections for the fuel roc¢ uni: cell were generated for 2%, 20%, u0%,
62¢, 2C%, ana ':C% homogeneous void fraction. Cross sections for the
control rod super cell were calcu.ated for (%, 5C%, and 'JC% voiding.
The conventicnal few-group °ross section gererat!icn procedure -as
used %0 ~r-eate the five-grour cross section lidrary., The procedure is
given {n Fig. 3.9. The collapsing of tne '23-neutron=-grour lidrary
was performecd ~i:h *he AMC( one-dimensional transport code XSCTRLPv. ¢

After the un:t Cell, the super cell and the ~=flector calculations
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TABLE 3.3
LOFT Five Group Cross Section Energy Structure

Group Upper Energy Bound (MEV) rission Spectrum
1 1.4918x10! 0.68976
2 1.0026 0.31024
3 1.1706x1072 0.0
4 1.0130%10~% 0.0

5 6.5000%107 0.0
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Figure 3.5. 1-D model for LOFT fuel unit call.
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TABLE 3.4

LOFT Reactor Element Number Density

Zone Element Number Density (atom/barn-cm)
fuel rod H 2.55052E-02
0 2.621328-02
B-10 9.46088z-07
B-1i1 3.83670E-05
Zr 3.70424E-03
U-235 2.71168E-04
U-238 6.45917z2-03
Control rod H 1.18830E-03
0 5.92172E-04
B-10 4.39320E-08
B=-11 1.78163E-07
Mn 2.75850E-05
Ni 1.06488E-04
Fe 7.72415E-04
Cr 2.28364E-04
Ag 8.88704E-04
In 1.69834E-04
Cd 5.33106E-05
Downcomer water H 5.014380E-02
' 0 2.50740E-02
B-10 1.86019E-06
B-11 7.54369E-06
Core barrel Mn 1.75400E-03
Ni 8.20700E-03
Fe 5.95300E-02
Cr 1.76600E-02
Vessel Fe 8.47500E-02
Shield tank water H 6.68640E-02
0 3.34320E-02
Window Al 6.02420E-02
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were made for each void fraction, the individual few=-group cross
section sets were combined two at a time using the code NITAWL to
create a five-group microscopic cross section library. The code GIP??
was then used to produce a five-group macroscopic cross section

library in DOT library format (binary format).

3.3 TMI-2 Reactor Model and Cross Section Generation

3.3.1 Reactor Model

The configuration of the TMI-2 core is shown schematically in
Fig. 3.10. The core, along with its pressure vessel and concrete
biological shield was simplified to a form which could be handled by
the DOT code. The reactor model of TMI-2, shown in Fig. 3.11, was
based on the model reported in NSAC-28.° The core is separated into
two radial regions. It is modeled in this way because there existed
an approximately one-fuel-assembly thick band of undamaged, normal
fuel around the core at its outer periphery. The presence of this
fuel was determined by video and sonar readings taken of the damaged
core.'® Ax:ial divisions in the core region are sized and spaced to
provide more detail in regions of major core slumping and lowest core
water level.

The spacer region is a homogenized representation of the core
liner anc tne water between the liner and <he barrel. This region is
ireatec as part of the core, {.e., tne void prcfile in this region is
the same as that in the core region during the boil-off. The
downcomer region consists of the core bdarrel, water gap, thermal

shield and downcomer.
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Figure 3.11.

(Dimensions in cm)

TMI-2 reactor R-Z model for DOT calculation.




The lower head portion of the model was not included in the
original NSAC-28 model because the final status of the core was not
completely known at that time. Video scans and sonar readings'®°~!?
have subsequently shown that the core was severely damaged and
significant amounts of core material relocated to the lower head. The
air gap near the lower head provides the neutron streazming path for
the neutrons in *he lower head to reach the detector. Analysis has
shown that the fuel in the lower head provides the dominant neutron
source %0 the ex-core detector response for the damaged core.'®:?°
Hence, it (s necessary to model the lower head portion to understand
the SRM response during the accident. Table 3.5 gives the detailed
axial and radial nesh {ntd which the TMI-2 was divided. The model
uses 24336 mesh cells, a nucber found to be sufficient to avoid
inaccuracies or negat.ve fluxes in the ilscrete ordinates "diamond
difference”™ model.

Boundary concditions used were vacuum on top, do-tom and right

side of the model anc reflected on the left boundary.

3.3.2 C(rcss Section Preparation

The DOT code cal:ulations for the TMI-2 accident analysis were
aade using a five-group cross sec:fon set. The five-group energy
st-ucture, shown in Tadble 2.2 was .ses bf argonne YNationa. Latoratory
2o~ thelr TVI-2 neutronics st.iy.? The (ntact core element numter
Zensities are glven in Table 3.7. These ~unmber densities inclule

o2zntrsl mater:al and a solutle doron ccncentration of 1260 cpm3.
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16

26
31
36
41
46
51
56
61
66
T
76
81
86

96
i01
106
L1
116

6.0

1.365E+1
2.730E+1
4.095E+1
5.460E+1
6.730E+1
8.126E+1
9.522E+1
1.091E+2
1.218E+2
1.358E+2
1.497E2+2
1.637E+2
1.790E+2
1.926E+2
2.076E+2
2.222E+2
2.384E+2
2.639E+2
2.893E=2
3.148%+2
3.403E+2
3 .593E%2
3.741E+2

Table 3.5A TMI-2 Radial Mesh Distribution

102
167
112
117

2.730

1.638E+1
3.003E+1
4.368E+1
5.714E+1
7.009E+1
8.405E+1
9.801E+1
1.117E+2
1.246E+2
1.386E+2
1.525E+2
1.668E+2
1.817E+2
1.953E+2
2.108E+2
2., 255E+2
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3.623E+2
3.770E+2

13
18

28
33
38
43
48
53
58
63
68
73
78
83
88
93
98
103
108
113
118

5.460

1.911E+1
3.276E+1
4.641E+1
5.968E+1
7.288BE+1
8.684E+1
1.008E+2
1.142E+2
1.274E+2
1.414E+2
1.533E+2
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1.845E+2
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3.652E+2
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29
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2.184E+1
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8.964E+1
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1.872E+2
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2.391:+2
2.537E+2
2.791z+2
3.046E<2
3.301E+2
3.534E+2
3.682E+2

100
405
110
4.5
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1.092E*]}
2.457E+1
3.822E+1
5.187E+1
6.476E+1
7.847E+1
9.243E+1
1.063E+2
1.192E+2
1.330E+2
1.469E+2
1.609z+2
1.760E+2
1.899c+2
2.044E=2
2.197E=2
2.352E+2
2.588E+2
2.842E=2
3.097E+2
3.,352E+2
3.564
3.7112=2
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TABLE 3.6
TMI Five Group Cross Section Energy S:ructurc9

Group Upper Energy Bound (Mev) Fission Spectrum
) 1.3300x10" 0.760544
2 3.2085x10"! 0.239295
3 5.5308x10"3 1.80408x10""
8 1.8554x%10~6 0.0

5 6.2493x10~7 0.0




TABLE 3.7
TMI-2 Reactor Element Number Densities

Zone Element Number Density (atom/barn-cm)
Upper internals H 4.6684E-02
0 2.3328E-02
Si 1.1139E-04
Cr 1.9820E-03
Mn 1.7227E-04
Fe 6.6202E-03
Ni 9.7004E-04
8-10 9.36L412-06
Core H 3.1296£-02
0 1.26522-02
Zr 4.1537E-03
U-235 1.6902z-04
U-238 6.30692-03
Cd 2.0069E-05
In 4.9802E-05
Ag 4.0576E-04
B 1.2760E-05
Lower internals H 4.2330E-02
0 2.1143E-02
Si 1.7520E-04
Cr 3.4250E-03
Mn 2.9856E-04
Fe 1.1440E-02
Ni 1.67632-03
: 8.9400E-G5
Spacer H 3.7138E-02
0 1.8534E-02
Si 2.6334E-04
Cr 5.1749E-03
Mn 4. 4875E-04
Fe 1.7195E-02
Ni 2.5195£-03
B 7.8364E-06
Downcomer H 3.9595E-02
(0] 1.9766E-02
Si 2.2172E-04
Mn 4.3342E-03
ce 3.7783E-04
Ni 1.4477€E-02
B 3.3600z-02
Vessel Mo 2.71372-04
Si’ 4.2641E-04
3 1.2746£-04
Mn 1.1201E-03

Ni 8.1979£-02




TABLE 3.7 (Continued)

e Element Number Density (atom/barn-cn)
Afr N 7.3462E-05
o 2.9378E-05
Lead Po 3.2960E-02
Poly H 5.6350E-03
o 2.7880E-03
Concrete Al 1.7810E-03
Mg 1.2386E-04
Te 3.4509€E-04
Ca 1.50262-0%
H 8.6039£-02
S 4.3289E-02
C 1.1534E-04
K 4.6052E-04
Na 9.6R03E-04
Lower grid plate H 2.3910E-02
0 1.1127E-02
Si 5.1353E-04
Cr 1.0552E-02
Mn 8.7253E-04
Fe 3.3531E-02
N{ §.9132£-03
B §.7048E-06
Lower grid H 2.00480E-02
distridution plate O 9.9348E-03
St 5.53472-04
Cr 1.08192-02
Mo 9.5038E-04
Fe 3.6138E-02
N 5.2952£-03
B §.2161E-06
Lower flow H 2.5879E-02
d.stribution plate © 1.2678E-02
S1 §.6115E-04
Cr 9.0136E-03
Mn 7.8353E-04
te 3.0110E-02
N{ 4.3120€-03
B 5.3605E-06
Lower plenux H 5.0837E-02
0 2.5214E-02
S{ 3.7710E-05
C- 7.3717E-04
¥n 6.4072£-05
Te 2.3623E-03
P 3.6076z-04
] 1.0661E-05
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The cross sections were generated from the VITAMIN-E?! $T4-group
neutron cross section library and collapsed by using the codes in the
AMPX system. The original 1Tu-group library was in AMPX master
iibrary format. This library has separate resonance information for
several elements, including Uranium-238. The code BONAMI*® was used
to make a Bondarenko resonance self-shielding calculation to combine
the resonance and non-resonance data. In these resonance
self-shielding calculations, the damaged fuel was modelled as a sphere
whose radius is the same as that of an intact pellet. This fuel was
in turn surrounded bty shells of cladding and coolant such that the
fuel occupies 63% cf the total cell volume.

The five-group cross section preparation procedure for TMI-2
neutronics analysis is slightly different from that of the LOFT
analysis. The procedure is shown in Fig. 3.12. The code BONAMI was
used to make resonance calculations because the VITAMIN-E cross
section library can only be handled by the BONAMI code. Unit cell
calculations were performed to homogenize the materials in the unit
cell with void fractions of 0%, 20%, 40%, 60%, 80%, and 100%. No
group collapsing was performed during the cell calculations. Zell
weighting was used in the cell calculations to generate cross sections
consistent with the mockup of a cell configuration as a homogenized
region. One-dimensional radial full reactor model calculations were
performed by XSDRNPMZ¢ code to collapse the 174-group cross section
library to a five-group cross section set with void fractions of 0%,
20%, u40%, 5C%, 80%, and 100%.

To justify cthe acdequacy of the cross section preparation usec :in

tals work, a series of calculations were carried cut using the



XSDRNPM
Fuel Cell

Figure 3.12.

VITAMIN-E
174 Neutron Group Library

BONAMI
Resonance Calculation

f XSDRNPM

Conzrol Rod Cell

XSDRNPM 1-D Group Collapsing

NITAWL

GIpP

XSDRNPM
Reflector

F.ve Group Cross Section Library

Five group cross section !idrarv preparacicn
procedure for the T™I-2 neutronics anal-sis.
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one-dimensional ANISN code.? All calculations were performed using
an S,-quadrature set with P, scattering. The calculated results
showed that the total flux at the detector location increased by a
factor of 122 with void fraction of 100% in the vessel using the
1T4-group cross section library. There was an increase by a factor of
140 using the five-group cross section library. These results
satisfactorily benchmarked the mesh and group structure, thus
indicating that the five-group cross section sets were adequate for
this analysis but provide an uncertainty of about 15% in the flux. A
detailed analysis of this uncertainty as well as that originating from

other factors is included in Section 4.

3.4 LOFT Experiment LP-SB-2

In the above, we have described how the source term
was calculated, how the DOT models were constructed, and how the
neutron cross sections were prepared. Having done these, we can now
calculate the SRM response. To justify the adequacy of the method, we
first applied it to LOFT experiments LP-SB-2 and LP-SB-3. A series of
computer simulations were conducted and the LOFT SRM response
calculated. This calculated response was compared with the observed
detector response in these experiments. Sensitivity studies on these
simulations were also performed in order to understand the general
behavior of the detector response. The resulting agreement between
the calculated response and the measured response showed that the

methcd described above was adequate for the SRM analysis.
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The LCFT experiment LP-SB-2 was a small-break LOCA experiment.
It simulated a three-inch-diameter pipe dreak in the primary system
not leg.’’ In this experiment the primary coolant pumps were kept
operating. This resulted in a homogenized and uniform distribution of
the coolant for the first 1050 seconds. After that point, flow
degradation set in and forced circulation ceased at about 1300 seconds.
Therefore, to evaluate the ~esponse of the detectors, particularly the
source range monitor, a simulation of such conditions was performed
using the method outlined previously for various void fractions. The
results of these calculations are given in Table 3.8, where A, B, C
and D are the detectors of Penn State Non-Invasive Liquid
Level/Density Gauge System, and SRM i{s the source range monitor. The
locations of these detectors are shown in Fig. 3.5. This table was
constructed using -oth the startup source and the photoneutron source
cetailed earlier. Figure 3.13 !s a plot of the Zata for the SRM
response based on Table 3.3.

To account for the effect of density changes on the pnotoneutron

source, the effect!ve source Sery was expressec as

39.’.’ . (1 - S)SV“’ SSO

\n

where . !s the photoneutron source for a non-voileZ core, a the voil

fraction, and Sq the startup source. The te~m {(1-a) s incluced {2
tne photoneutron source to account fcr tne reduction of coolant
dens!ty tnrzugn @cre volzing. It shcull be noted tnat this expression
neg.22ts the photsneut~cn source i{n the steam. Sensitivity ana.ysis

showed tn's to e negl.igible even in a highly voided core.
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TABLE 3.8

Normalized Detector Response*

Effect of LOFT Homogeneous Voiding on Detector Response*

A

0% 1.0

! 20% 2.19
f 40% 3.46
60% "R
80% 4,72

100% 4,84
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* Detectors A, B, C, and D are part of The Penn State Non-Invasive
Level Gauge. The source range monitor (SRM) is part of the normal

LOFT nuclear instrumentation.
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Figure 3.12. Calculated normalizec response of installed
LOFT $3M versus homogeneous void fracticn.



Figure 3.14 shows the response of the installed LOFT SRM during
the experiment LP-SB-2. The experiment began with a reactor scram at
500 sec. The SRM response started to deviate from the normal shutdown
curve at about 900 seconds and reached a maximum deviation at about
1500 seconds. The ratio of the observed count rate to the normal
shutdown curve at this time is about a factor of 2.7. According to
the results of the neutronics analysis shown in Fig. 3.13, the core
void fraction at this point is estimated to be approximately 30%.
Cold-leg densitometer readings reported in Reference 33 yield a void
fraction of 33%, in good agreement with the neutronics analysis. A
comparison of cold-leg void fraction obtained from the densitometer
readings and those obtained from the neutronics analysis from 90C to
1500 seconds is shown in Fig. 3.15. Again, the agreement between the
measured data and that obtained from the neutronics analysis is good.

In summary, the results of the analysis of the LP-SB-2 experiment
show that the variation in neutron level can be used to obtain
information on void fraction in the core during the forced circulation

phase of a small-break LOCA.

3.5 LOFT Experiment LP-SB-3

Experiment LP-SB-3 was conducted to simulate a cold-leg
mall-break LOCA, with a scaled oreak size corresponding to =z
1.84-inch pipe diameter in a reference commercizl pressurized water
reactor.?r** The experiment was specially designed to achieve
concditions that would allow an assessment cf the phenomena associated

with slow coolant toil-off leading to an uncovered core at higr systen
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Comparison of calculated cold leg void fraction
from gamma densitometer with that obtained from
neutronic analysis of LP-SB-2.



pressures and the usefulness of steam generator feed-and-bleed as a
means of plant recovery from degraded-core cooling conditions.

Figure 3.16 gives the actual SRM response during the experiment.
As shown (n the figure, the SRM response started to deviate from the
normal shutdown curve at about 1100 seconds. The steady increase in
the count rate indicated an increase {n void fraction in the vessel
during operation of the primary coolant pump. The cold-leg densities
measured {n the experiment also indicated that the homogenized two-
phase mixture was pumped Dy the operating primary coolant pumps
throughout the systeam until the pumps were tripped at 1600 seconds.
The sharp decrease in the SRM response at 1600 seconds was due to the
shutof? of the primary coolant pumps resulting in phase separation
with the voids r~ising tdo the upper region of the vessel. The core and
downccmer regions were filllec with liquid resulting in a shielding
effect on the ex-core detector. This effect was also observed in the
responses of the other detectors (A, B, T and 2).

As pointed out earlier, the SRM response deviated at around 1000
seconds fro= the normal shutdown curve. The deviation contizued until
1600 seconds when the pumps were tr-'rped. Fig. 3.17 compares the
calculated void fraction odbtained from the SPM data with that
calculated from cold-ieg densitometer reacings repcrted in Reference
34, The result!ing vold fraction cdbtained 7-om the neutrsonics analysis
agrees wel. wi!th that obtalned from tne éol:-leg densi{tometer
measurements.

At 3657 seconds, "ne 3RY resconse agaln deviated {rcm the normal
srutéowWn response. The deviation ~as due to doll-off of the coolant

causing the lijui?l level > decrease (7 both the core and downcomer
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regions. The level above the bottom of the core during LP-SB-3 was
estimated using the neutronic analysis during the coolant boil off
period from 3600 seconds to 5400 seconds using LOFT SRM response. The
neutronic analysis showed that the SRM response increases as water
level decreases. Fig. 3.18 shows the relationship between normalized
SRM response and downcomer water level. Here the downcomer is assumed
to be in hydraulic equilibrium with the core, thus, the core mixture
level is greater than the downcomer level due to the steam voids
generated in the core.

The data shown in Fig. 3.74 was used to estimate the core water
level above the bottom of the core during LP-SB-3 was estimated. Fig.
3.19 shows the water level obtained from the neutronics analysis and
compares it with that estimated from the bubble plot data and
thermocouple data. Excellent zgreement was obtained with the
thermocouple data. The comparison with the bubble plot data is also
good except for the period between 4700 to 5400 seconds where it is
pcor. The disagreement between the bubbdle plot data and neutronics
analysis for times greater than 4700 seconds is believed to be due to
uncertainties in the bubble plot data rather than neutronics study.

Nonetheless, the analysis of the LOFT source range monitor
response shows tnat the SRM response can be explained in terms of
level and density changes in the core. To further demonstrate this,
the SRM response for Lf-SE-B was simuiated using the estimated void
fractions obtazined from cold-leg densities and the estimated core
water level obtained from the core thermocouples. The resulting
response ottained from this simulation anc the actual SRM response are

compared and shown in Fig. 3.20.
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In conclusion, the application of the present calculational
method to LOFT experiments, LP-SB-2 and LP-SB-3, shows that the method
gives satisfactory simulations of the actual detector response, and
lends credence to the calculational method that is further used to

analyze the SBRM response during the TMI-2 accident.



~. RESULTS OF ANALYSIS

As describdbed {n section 2, the SRM response during the TMI-2
accident has deen analyzecd Dy a number of researchers.'~'»’+* Using
the actual SRM response cata, these analyses interpret the core status
during the accident. For example, water levels during the first 174
minutes {nto the acciden: have been estimated Dy use of this
tnformation.’ The SRM response from 17+ to 225 minutes and beyond
have not, noweve~, Deen neutronically analyzed in detall. It !s
believed that a core reconl.guration could have occurred during this
time period.* Therefore, the S?¥ response from 74 to 225 minutes
is likely to contain information relative to the core reconfiguration
curing the accident. Since previous work has shown the count ~ate to
De very sensitive 0 the presence of fuel in the lover head, such &
reconl.guraticn shoul: 2ifest ltselfl {n the SAM count rate.

A series of neutronics calculaticns using the calculational
aethod described (n section I were zade o estimate COre w~ater levels
anc¢ o evaluate the hypothesis of the fuel relocation during he
accicent. Calzulations were Performed in an effor: 10 descrite the
changes of :ne count rate .~ the SRM response 7cr- the period from 3°
0 225 minutes after shutdown. Frcz these results, a possitle
explanation Zor tne cctserved -~esconse cf tne getector and the
ccrditions c¢f the ccre were tnen [~ferrel. This analrslis usecd as
in2.t tnhne scenar:.: descriced in Section . It inus serves (o
vencn-zask ans amplily Lnis scerar.c.

The do=inant te.t-=cn SC."7es that Jere present in tne TVI=2 Icre

guring ne f.~s% 3 ncurs of tne accident <ere Inotoneut~ons anc the
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Americium-Beryllium-Curium (ABAC) start-up sources.® Originally,
there were two start-up sources in the TMI-2 core, each with an
estimated strength of 1.4x10° n/sec. The photoneutron source was
obtained for different times during the accident by the calculational
procedure described in subsection 3.1. A five-group cross section
library was collapsed from the VITAMIN-E 1T4-group cross section
library. The DOT model and cross section preparation procedures were
described in subsection 3.3. The transport calculations utilized the
P,/S, approximation.

To make maximum utilization of the knowledge learned about the
accident, the SRM response was not analyzed chronologically. Since
the SEM response showed normal readings at the beginning of the
accident, the response before the attempted restart of a B-loop pump
(i.e., for t < 174 minutes, where t is the time after the reactor:
shutdown) was analyzed first. Then, the knowledge about the end state
of the reactor learned from recent defueling work and analytical
studies was used to analyze the SRM response from t = 225 minutes
backward to t = 174 minutes. The procedures of the present analysis
are summarized in Fig. 4.1, where the calculational sequence of the
observed SRM response, the reactor conditions and/or system event on
which the calculations were based, and the parameters/quantities
determined from each calculation are given sequentially. This figure
21so outlines the rationale for the present analysis. In the
following subsections, the details of these calculations and their

results are described.
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«.1 Homogeneous Voicing “cce! 2% (<t < ‘00 Minutes’

One-dimensional (1-D) ANISN'’? calculations were used to determine
the effect of homogeneous voicding on the source range monitor in the
tize period from 30 to 100 minutes :into the accident while the primary
coolant pumps were operating. The one-dimensional ANISN model is
given {r Filg. ~.2.

The percent voided cooclant number density used in this and all
<ater calculations {s that of saturated liquic at the prevaliling
prizary systesm pressure. The doron concentration was kept fixed at
1260 ppmB.

Figure 4.3 snows the TMI-2 SR response and the calculatec normal
shutdown curve 7o~ the first 240 minutes into the accident.'’ The
calculatec normal shutcown curve wWas normalized to :the observed
response as follows. A normali shutdown curve was generated using the
power nistory and shutdown data for TMI-2 and the JRIGEN computer code.
in order tc ver.”y the accuracy of the calculated curve, this curve
was first compared with the cata from a shutdown of TMI which occurrec
a week earlier. The calculated curve was then compared with the TMI-2
accident Zata as extracted from the strip chart cata.’* '* I: was
found that asice from a constant mu.tiplication factor, the
thecrezical shutdown curve tracked tne accident cata up until abdboul

Ffurthermore, tne point ac

o~
]

)

20=25 zinutes into the accicent.
Sinutes was ‘cung O agree with tne calsulated curve when nuierizal
Jncercalincles in the calculation were accounted ‘cr. These
2omzari=ons srovided a8 calidraticn or normallzation factor for use o

cc=sasing the actual anc calculated or predictec SFM response
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1 : Core 7 : Downcomer

2 : Core Linear 8 : Reactor Vessel
3 : Water 9 : Air Gap

4 : Core Barrel 10 : Detector

5 : Wacer 11 : Concrete

& : Thermal Shield

Figure 4.2. One-dimensional ANISN model for TMI-I reactor.
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throughout the accident. The agreement between the calculated curve
and the accident curve at 103 minutes confirmed the assumption that

when all the primary coolant pumps were tripped at 100 minutes, ‘
essentially complete phase separation occurred. The phase separation
caused the core and downcomer to be temporarily filled with water of
very low or no void fraction. The SRM sensed the normal hydraulic
condition in the vessel at this moment.

Prior to the time the primary coolant pumps were tripped after
the reactor shutdown, the SRM response began to deviate from the
normal shutdown response at between 20 and 25 minutes. This was
apparently caused by flushing of water containing voids into the
reactor vessel. For the purpose of this study, the voiding during
this time is assumed to have a homogeneous void distribution in the
vessel.

A summary of the one-dimensional calculations performed to
examine the effect of homogeneous voiding on the SRM response is shown
in Fig. 4.4. Two types of neutron sources, namely photoneutrons and
the start-up source were used in these calculzations. The strength of
the start-up source was kept constant throughout the calculations,
because the half lives of the radionuclides are much greater than the
time period involved. The strength of the photoneutron source was
time dependent and was decreased by a factor of (l-a) as the veid
fraction a increased. The energy spectra, as shown in Tabie 4.1, of
these two sources are guite different. Most ¢f the neutrons from :he
start-up source are born in Group 1, whereas most of the photoneu:irons
are bern in Group 2. The importance of the start-up source =0 &

-
ne SEM

response then depends on the relative strength of the start-up source
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TABLE 4.1

Energy Spectra of Photoneutron Source and Start-up Source

Upper tnergy

Group Bound (MeV) Photoneutron Start-up Source
1 1.0000 x 10! 4.66 x 10°* 0.97442
2 8.2085 x 107! 0.999534 0.02558
3 5.5308 x 107? 0.2 0.0
y 1.8554 x 10”¢ 0.9 c.0

2 6.2493 x 1077 0.0 0.0

.78
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as compared winh the photoneut~on source. Hence, he homogeneous
voiding calculations were performed with the start-up source strength
kept constant anc the photoneutron source strength at 30, 60 and 100
minutes {nto the accident, respectively.

Based on comparison with actual SRM data,’'*:’*® the observed
~esponse was adbout 'l times higher than the normal shutdown response
lust defore the loop=A pumps were tr-ipped a: adbout 100 minutes into
the accident. From the neutronics analysis using the homogeneous
model, 't !s estimated from Fig. 4.4 that the core was approximately

453 voiced a: this time.

<.2 Ianiti:al Core Heat-Uz Response (100 ¢ t ¢ 17L& min’

The homogenecus voil:ing calculations are app.icadle to
approxizately the first 10C =minutes i{nio the accident when tne primary
coclant cumps remalned in operaticn. After the pumps were stopped,
*he coolan® !n the core continued %0 boil, resulting in a lcss of ine
coclant and theredy reducing the water levels {n the core and
downcomer. Since dciling s assumed not O occur In the cowncomer
reg.cna, the sowncooer water level !s lower than the core water level
“nen tne core ‘s uncovered (see rTigure 5.5). Thus, the partlally
excties downcomer prov:.des an unsnieldec s:ireaming path cl vary:ing
size for -he neutrons 0 leak out ¢l the core.

A series 97 twe-:!mensional calculations were rerforziec 0
zecer=."e %ne effec: :° water .eve. changes In tne CTO~e ang IIwnhecrTen
2= tne S7v -~esponse. The two-dimensional (2-2), 2-C cylinZrical =odel
sncwn a Tig. 3.7 was used for core uncovery and fuel relocation

ana.yses.
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A model of the core void fraction distribution as a function of
axial position was obtained from NSAC-28.° This model expressed the
core void fraction in terms of the height Z, above the bottom of the

core, as

a(Z) = 0.085 « 0.028 Z « 0.066 exp(-(2-0.9)71.3) for 2>2 ft, (4.1)

L) for 2¢< 2 7,

where a is the core voic fraction and z is in feet. The average void
fraction in each core region was calculated by integrating Eq. (4.1)
over the height of each region and then dividing dy the height of the
region.

I¢ the core vaid fraction odtainec by the above procedure and no
voids are assumed in the Jowncomer, the hydrostatic pressure ba.ance
vetween the core .:!3uild and the downcomer 1lijuil reqQuires a one-to-one
correspondence dbetween the two water .evels. The various core water
leve'!s and the corresponding downcomer water levels are given in Table
4.2. The calculated core aulziplication factor for each core water
level {s also given in the :able.

Two-dimensiona. calculations were performed for various core
water levels from fuil (365.76 cm) to 30.48 o= (' rfoct) above the core
Sottom with tnhe photoneutr:r ssurce strengseh at ‘00, "4C anz2 174
zinutes, mespectively. The calsulated resylts are shown in Fig. <.5.

The results shown in Fig. 4.5 {ndicate that :tne S?v r~esponse
“2ul1 increase Dy a factcr of avout 1 when the core (s firs:
uncovered. The sbserved S3VY response u~ing the TMI-2 accident,

as snown {n Fig. 4.3, {ncreased Sy a factor of about !'1 at about 112



TABLE 4.2

Relationship Between Water Level in the Core and
Water Level in the Downcomer

Core Water Level Downcomer Water Level
Above Core Bottom Above Core Bottom Kere
(cm) (cm)
365.76* 300.84 0.9180
304.88 257.59 0.8850
243.84 212.54 0.8842
182.88 164.59 0.8838
121.92 113.90 0.8758
91.44 87.63 0.8696
60.96 60.96 0.8247
30.48 30.48 0.7776

* Top of the Core
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minutes into the accident. This observation suggests that core

uncovery occurred at this time. Based on the previously mentioned

assumption, this result agrees with the prediction of the thermal ‘
hydraulic analysis.?

The calculated results were used to estimate the water levels
during the period of 100 through 174 minutes. The estimated core
water levels are compared with predictions of the thermal hydraulic
analysis in NSAC-242 and the previous SRM analysis in NSAC-28° in Fig.
4.7.

The water level estimated in this work was about 91 cm (3.0 feet)
above the bottom of the core at 174 minutes just before the B loop
pump was turned on. However, it is believed that the actual water
level was probably lower. The above analyses were based on an intact
core geometry and no core damage was assumed. According to a thermal
hydraulic analysis, control rod materials could have begun to melt and
flow downward at about 145 minutes into the accident.'!® Based on a
sensitivity analysis performed as part of this work, a partial absence
of control rod material in the core region would cause the neutron
multiplication to increase and the SRM response to correspondingly
increase. Hence, the water level should be lower in order to
compensate for the increase in the SRM response due to a decrease in
control rod materials. A more detailed discussion will be presented

in the next subsections.
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4.3 Core Relocation Analysis (t = 225 minutes)

The increase in the SRM response at 225 minutes into the accident
is believed to be due to the relocation of the damaged core while
reaching its final status. The end-state conditions of the damaged
core are known and have been modeled appropriately.’® Hence,
performing the analysis backwards from 225 to 174 minutes should be
the better approach to analyze the SRM response in this time period.

The known post-accident end-state of the damaged core is shown in
Fig. 4.8. About one-third of the original fuel in the upper core
region is no longer there; a voided cavity was formed in this region.
A rubble bed is resting on top of the existing core with about 10 to
20 tonnes of fuel residing on the vessel bottom.®

In earlier work, the end-state conditions of the damaged core
were modeled to analyze solid-state track recorder measurements of
neutron levels in the air gap of the TMI-2 reactor.!?:3° This
analysis predicted the presence of fuel in the lower head with the

best estimate of 10 tonnes.?®

The prediction was in fact subsequently
confirmed by video inspection of the lower head. The model used is
given in Fig. 4.9. The underlined numbers denote the fuel volume
fraction in the region. The normal fuel volume fraction in the TMI
core is 0.31, The ratio of the volume of clad, structure, control rod
material, etc. to the volume of fuel in all damaged fuel zones is
always set equal to that of the intact core. Ccclant at 90°F and
atmospheric pressure with 3300 ppm Boron was placed in the volume of

the fuel containing zones not contalining solid material. This model

was used as the first step to analyze the SRM response at 225 minutes.
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However, the caiculated SRM response based on this model was too high,
compared with the actual response at 225 minutes.

Using this 2-D end-state DOT model which had adbout 10 tonnes of
! ! in the lower head and noting that both the core and the downcomer
were completely filled with water (with no voids) at this time, the
only variable :n calculating SRM response was the amount of control
rod materials in the lower head. It was also noted from our previous
study’® that the neutron source existing in the lower head makes the
doainant contribution to the SRM response at that time, and that an
increase (n the conirol rod materials in the lower head could reduce
the SRM response. Hence, a series of calculations were then performed
that used the model shown in Fig. 4.9 with different quantities of
control rol zaterials i{n the lower head. when the calculated SRM
response was compared with the actual reading at © > 227 minutes
(point N i{n Fig. %.3), 1% was determined that adbout 80% of the control
roc¢ material would have relocated to the lower head. The calculated
results also showed that the jump in the SRM resconse at 227 minutes
could be explained by this relocation of 10 tonnes of fuel at that
cime.?®

As 31iscussed in the following section, the control ~od material
=m.grated slowly from the core. This migration degan early on In the
aczizent (at about ‘27 minutes) as soon as the temperat.res reached

tne zelting point 27 the eutectic Ag-In-Td control rod material.

<.« Pump Transient an: =17 Indection (178 ¢ t < 200 “inutes)

The nex: step was to determine the core status a: 200 minutes



into the accident when the High Pressure Injection System (HPIS) was
initiated. Since the TMI-2 ex-core detectors showed nearly the same
behavior during the time period of 174 to 200 minutes as during the
period of 100 to 174 minutes, further fuel relocation probably did not
occur during this period. Hence, the physical configuration of the
fuel and core structural material at 200 minutes is believed®’ to be
the same as that at 174 minutes just after B-loop pump was turned on.

The zircaloy cladding in the upper region of the core is believed
to have become highly oxidized and embrittled by 174 minutes just
prior to start-up of the B-loop pump.'!® Turning on the B-loop pump is
thought to have thermal-shocked and embrittled the fuel rods. This
shock could shatter the oxidized fuel rods in the upper core region
and result in a debris region. Fig. 4.1C shows the core configuration
as it is thought to have existed after 174 minutes. The corresponding
DOT model is shown in Fig. 4.11. The underlined numbers in each core
region give the fuel volume fraction in that region.

At 200 minutes, initiation of the HPIS pumped water into the
vessel and shortly thereafter filled the downcomer region. The effect
of this filling can be seen as region L of Fig. 4.3. Several core
water levels and different amounts of the control rod materials lost
from the core region were assumed to determine the possible status at
this point. 1In this analysis, the control rod materials were
arbitrarily placed in the lower head. This was done to properly
account for observed SRM response at 225 minutes. The calczulated
results are given in Fig. 4.12. Here, the vertical axis is the ratio
of the SRM response to that of a full core with the geometry in Figure

4.11. As shown in Fig. 4.3, the observed SRM response just after the
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HPIS refilled the downcomer (i.e., the point at the beginning of the
labelled region M in Fig. 4.3) was a factor of about 5.3 larger than
that of the normal shutdown value for a core as given in Figure 4.11.
Figure 4.12 shows that the water level could be in the range of 38 to
61 cm above the bottom of the core with 60 to 80% of the control rod
materials in the lower head just after initiation of the HPIS.

Since initiation of the HPIS pumped water into the downcomer, the
physical geometries and water levels in the core should be the same
just before and after the HPIS was turned on. Since there could not
be an instantaneous change in core water level, the only difference
between those two points would be the downcomer water level. The
downcomer was assumed full and the water level in the core was assumed
to be the same as that in the core before the HPIS was turned on.
These calculations were then repeated with an emptied downcomer to
simulate the status just before the HPIS was initiated. The results
of the calculations are shown in Fig. 4.13. As shown in Fig. 4.3, the
‘observed SRM response just before the HPIS was turned on (i.e., the
point at the beginning of the labelled L region) was larger by a
factor of about 70 than the normal shutdown value for a core as
configured in Figure 4.10. Figure 4.13 shows the possible status at
this moment. The core water level could be between 42 to 61 cm with
30 to 80% of the control rod materials absent from the core.

For the reasons stated in the preceding paragraph, in order to
have consistent count rates both before and after the HPIS was turned
on, the core water level and amount of control rod material in the
lower head must satisfy both the curves in Figure 4.12 and the curves

in Figure 4.13. Namely, the observed SRM count rates at both the
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beginning of region L and the beginning point of region M in Figure
4.3 provide two conditlons for uniquely determining the two variables,
i.e., the core water level and the amount of control rod material in
the lower head.

A comparison of the curves in Figs. 4.12 and 4.13 shows that an
intersection occurs at the water level 46 cm (1.5 feet) with 70% of
the control rod materials in the lower head, as shown in Fig. 4.14,
These calculations suggest that at 200 minutes into the accident the
core configuration would look similar to the model shown in Fig. 4.11
with the water level at the height of about 46 cm above the bottom of
the core and with about 70% of the control rod materials in the lower
head.

The last step was to analyze the core status at 174 minutes just
before and after the B-loop pump was turned on. Since it is believed
that the zircaloy cladding began to melt at about 150 minutes into the
accident,'® the molten zircaloy would react with the U0, and dissolve
some of the U0, in the liquid zircaloy. Molten zircaloy and liquefied
fuel would then flow downwards, freezing near the coolant surface in
the lower portion of the core. Fig. 4.15 shows the estimated core
configuration at 174 minutes just before turning on the B-loop pump.
The corresponding DOT model is shown in Fig. 4.16. Again, the
underlined numbers denote the fuel volume fraction in the region.

A series of calculations that used the model shown in Fig. 4.16
were made to determine the water level just before the B-loop pump was
turned on. These calculations assumed 70% of the control rod
materials in the lower head, which was the number obtained from the

analysis of SRM response at 200 minutes, with different water levels
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in the core region. The calculated results showed that the water
level at this moment Qas about 61 cm (2 feet) above the bottom of the
core.

After the B-loop pump was turned on, slugs of water were pumped
into the vessel. It was estimated that about 1,000 cubic feet of
water could have been pumped into the vessel.? This volume of water
would be sufficient to fill the downcomer. However, the flowmeter in
the hot leg showed that the pump operated efficiently for only apbout 9
seconds and then began to pump steam voids into the vessel. Hence, it
is believed that the downcomer at this moment was not compietely
filled with the fluid, and in fact should contain some voids.

The model shown in Fig. 4.10 (with core water level at the height

of 61 cm (2 feet) above the bottom of the core) was used at this point.

Calculations were then performed by the authors to determine the
coolant status, i.e., the void fraction, in the downcomer. The
calculated results show that about 14% of voids existed in the
downcomer just after the B-loop pump was turned on.

Fig. 4.17 summarizes the water level as determined by this study
and compares it with those given in NSAC-24 and NSAC-28. This figure
shows that the NSAC-24 results tended to overestimate the water
inventory during much of the accident when compared with the
neutronics studies. The reason for the discrepancy :is not known, but
it may de due to assumptions made in the NSAC-24 analysis on make-up

flow during the accident.
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4.5 Uncertainties

A key point ;emaining to be addressed is what is the uncertainty ‘
associated with each of the parameters determined from this study. To
quantify these uncertainties requires that the adequacy of the
methodology and the validity of the assumptions be addressed. In this
section, estimates of the uncertainties relating to void fraction,

level, and time of fuel relocation are developed and examined.

4,5.1 Void Fraction Uncertainty During O < t < 100 Minutes

To assess the uncertainty in the homogeneous void fraction
estimates during the first 100 minutes, a comparison with LOFT data
was conducted. Experiment LP-SB-3 essentially duplicates the TMI
accident, including both the pumped homogeneous void formation period
(t < 100 min) and the core uncovery period (100 < t < 174 min) but on 4
a somewhat different time scale.?®~*“ Since both density and level
data are available as well as a transport analysis of the LOFT SRM
response, this comparison allows for experimental verification of the
method and assumptions and an estimation of the uncertainties.

Fig. 3.17 shows a comparison of the calculated cold leg densities
obtained during LOFT experiment LP-SB-3 from gamma densitometer data
with that obtained from analysis of the LOFT SRM response.

Examination of the data in Fig. 3.17 shows that the neutronics
analysis tends to underestimate the void fraction by varying amounts.

For the periods around 1100 seconds and 1600 seconds, the neutronics
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analysls underestimates Lhe neasured void fraction by about 15%. For
the period around 1300 seconds, there i{s very little discrepancy
between the measured and calculated densities. This suggests that the
neutronics analysis introduces an error of between 0 to 15% {n the
void fraction estimates.

To understand the ori{gin of the error, the 1-D Standard Light
Water Reactor Prodlem’® was used to calculate the response of a
hypothetical TMI detector (the standard problem does not include such
a detector). The prodlem was first run using the very fine neutron
energy group structure of VITAMIN=C.’® This group structure consists
of 17 neutron energy groups. Cross sections for the problem were
also generated using the VITAMIN-C library.

The same cCa.culation was then performed using the five neutron
energy groups descrioed in Section 3.3.2. Both the five group
response and the flve group prodlem were done witn % voiding in the
ccre and downcomer. The calculations were then repeated for void
fractions cf 20%, 5C%1 and 80%. CSach of these resu.ts were normalized
to the 2% void fraction case for doth the S-group and trne 171-group
cases. Since !t was thought that the most likely cause of :he
uncertainty was in the use of only five groups, the (Y,n) source {n
the water was omitted. The results are shown in Table 4.3.

txamination of tne results {n Table 4.3 reveals that :the 5 group
ca.cu.ations overest.mate the count rate “or a given void fraction
compared with the 1”71 z--up calculation. The effect of trhis
sverestimate On :ne estizates vol!C fraction would be to unie~estimate
tne void fraction. A review cf the radlal fl.x proflles calculated

using *ne 5 group flux shows that the 5 group calculations
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underestimate the total flux at the detector for 0% void fraction when
compared to the 171 group calculation. At progressively higher void
fractions, the underestimate decreases. Thus the relative change in
SRM response for a given change in voild fraction is larger in the 5
group case than in the 171 group case. It appears then that the major
source of uncertainty in the void fraction estimates is due to the use
of a coarse 5 group energy structure.

Based strictly on the results of these 1-D calculations, the
underest{mate at 50% void fraction could be as much as 50%. The LOFT
results from experiments LP-SB-3 and LP-SB-2, however, do not support
this large an uncertainty.

A —ore reasonabdle approach to estimate the uncertainty {s to
cozpa~e .CFT cata with estimates of the void fraction during the
experiments as cetermine? from the SRM response. If one examines Fig.
3.17, cne fincs that the predicted void fraction at 1600 seconds jus:
pPris= to ripring of the LOFT coolant pumps {s adout S9%. The
neutronics analysis yielded a value of 54% which is adout 9% lower
than the measured value. Since the same assumptions and methods were
applied to analyze the LOFT data as {n the TMI analysis, the

uncertainties should be of the saze orle~. Al a comparatle point

tne maxi—um nomogeneous vol3 fractiisn in the TVI core was «5%. Using
the esti=ated unce~tainty developed 7~om LT, the TMI volid frac:iion
Co.l2 nave cee~ as n'3n as 329 at two sizma {.e., 351 confidence
level). Sased o~ this acproach, the Jaximum void fractlon curing tne

accizent 40Ul trnen Se 457 slus 8% and ~inus J%.
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4.5.2 Level Uncertainty

Fig. 4.16 shows the water level as determined by this study
compared to that quoted in NSAC-28° from analysis of the SRM response
and that determined from a thermal hydraulic analysis described in
NSAC-24.2 To estimate the uncertainty in this analysis, the results
of calculations to estimate core water level during the LOFT
experiment LP-SB-3 were compared with the measured LOFT vessel water
level as determined from in-core thermocouples and conductivity probe
data. Fig. 3.19 compares the vessel water level determined from the
neutronic analysis with the measured values.

The largest disagreement occurs at 4000 seconds, shortly after
the core begins to uncover. At that point, the neutronics analysis
éuggests a water level of 170 cm, compared with a measured level of
150 cm, about 13% toco high. Once the water level has dropped tc the
core midplane, there is very little (< 5%) disagreement between
calculated water level and the measured level determined using the
thermocouple data. The bubble plot data suggests a somewhat larger
uncertainty, particularly near the end of the transient. For example,
at 5000 seconds, the level based on the bubble plot data is about 40
cm compared with 20 cm as determined from the neutronics analysis. It
should be pointed out, however, that the conductivity probes are
thougnht to be considerably less precise than the thermocouples.“® As
a result, a better indication of the error is obtained by comparison
with the thermocouple data. Based on this comparison, the error in
the water level is most likely no greater than about plus '5% and

minus 0%.

1J0
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Referring to Fig. 4.17, one finds that {ncluding an uncertainty
of 15% in the wvater level determined Dy this study brackets doth the
NSAC 28 and NSAC 28 estimated water level at '74 minutes. When the
water level is near the core midplane, the NSAC 2i falls outside this
uncerainty. There the NSAC 24 thermal hydraulic analysis yields a
water level considerably higher than either the NSAC 28 results or the
findings of this work. The source of this cisagreement is unknown.
Since the LOFT results are reproduced very well at a comparabdle point
in the LP-SB-3 experiment, one might suspect an error in the thermal

hydraulic analysis of NSAC 24.

4.5.3 Fuel Relocation Analysis

in Section 4.3, 1t was statecd that the core relocated to the
lower head at 22° =zin, producing the sucden adbrupt increase in the SRM
response recorded at that time. This hypothesi{s was dased on severa.
factors. The fir-st involved the nature of the change !n SRM response,
the second involvec the nature of the reactor systen pressure and
incore Instrumentation response, and .astly, the resul%s of the
degraded core therma. analysis suggesting tne cegraded core td have
occurred by 224 minutes as well as neutronics calculations assuming a
damaged core.

The SPY response increased by a factor of at least two 3t 224-225
zin., This adrupt shift in SAM response coincided witn a sudden
increase in the --imary system temperature and pressures. A variety of
causes have deen postulated for <h!s event, (ncluling loss of one or

more co~ircl rods from tne core, massive fuel/clad camage resulting (n




fuel compaction, and movement of fuel material into other regions of
the reactor vessel.?®

NSAC in NSAC-28° discounted the first of these hypotheses since
their analysis showed that the loss of all control rods would produce
only a 60% rise in SRM response. They also discounted the second of
these possible causes based on 1-D ANISN calculation of the core
multiplication. Their results showed a decreasing multiplication
factor with increased fuel volume fraction. These results are in
conflict with those found by B&W.“' The B&W analysis found that keer
would increase with increasing fuel volume fraction until a volume
fraction of about 0.45 was obtained (nominal fuel volume fraction is
approximately 0.3).

To resolve the discrepancy between the B&W and NSAC results, a
series of models were constructed in which the core was compacted to
varying degrees. The results of these calculations did not indicate a
doubling of the SRM response. Only when the fuel was relocated to the
lower head were jincreases of that order obtained. The only similar
changes in SRM response were those produced when the core or downcomer
were suddenly flooded. In those cases, the SEM response dropped
abruptly. To obtain the sudden upward jump in SRM response as
observed would require nearly thé entire downcomer to suddenly empty
and remain empty. Since such an event i{s extremely unlikely and
inconsistent with the observed hydraulic data, it can be readily
discounted.

3ased on these results and those of NSAC, the only plausible

cause of the SRM jump is in fact fuel relocation between 224-225 min.

4V0



S. CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

The source r~ange xonilor response during the TMI-2 accident was
analyzed by incorporating the knowledge learned about the end state of
the damaged reactor from recent studies and correlating the known
systea events during the accident to the SRM response. Many crucial
parazeters relative to the core conditions and coolant status were
quantified in the present neutronic analysis providing bdbenchmarks for
the developaen: and verification of a best-estimate accident
progression scenario.

Based on the present analys'!s, the ‘nterpretation of the SRM
response 2u~ing the first 4 hours of the accident (s as follows.

The otserved SRM response began t0 deviate ‘rom the normal
shutdown response at about 25 minutes after shutdown. This is due to
buildup of tne voids in the core anc downcomer regions. As time
elapsed, continuec¢ loss of the primary coolant through the failed
biock valve ied to> the increased voil fraction and increased SRM
response. A% 100 minutes, just before the A-loop primary coolant
pumps were turned ofZ, the void fraction s estimated to de about usg
« 9 and -C% !n the vessel dased on tne neutronics analysis.

Turning off the A-loop pumps causec a separation >7 voils to the
Jpper regions of tne vessel. Since the coolant mass Iinveniory was
suf’istent to cover the ccre and downcomer at tnis psint, the core and
¢owncoter were filled with water. Therefc-e, the S53M sensec 3 normal
therma. hydraulic cond!:ion and its response dropped to a normal

gnilicwn response.
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As the water continued to boil off, the downcomer water level
dropped to a level 1owér than the corresponding two-phase mixture
level in the core due to static pressure equilibrium. The emptied
downcomer region then provided an unshielded streaming path for the
neutrons to leak out of the core and caused the SRM response to
increase. The core probably began to uncover at about 110 minutes
into the accident when the SRM response showed an increase by a factor
of about 11.

The leveling off of the SRM response at about 140 minutes was due
to the shielding effect being counter-balanced by a decrease in the
neutron source caused by a reduction in neutron multiplication as the
core uncovered further. At 174 minutes just before the B-loop pump
was turned on, the zircaloy cladding in the upper region of the core
should be highly oxidized, setting the stage for subsequent
embrittlement when cooled. A molten zone of zircaloy and liquefied
fuel would exist in the central region of the core. The water level
was about 61 cm (2 feet) above the bottom of the core and about 70% of
the control rod materials should have been removed from the core.

Turning on the B-loop pump at 174 minutes shattered the oxidized,
embrittled fuel rods in the upper core region and resulted in a debris
region with a voided cavity overhead. The downcomer was filled with
water containing about 14% of voids. The SRM response decreased by a
factor of about 10 at this moment. Thereafter, the downcomer water
flowed into the core regioen and was boiled off. The SRM sensed a
decrease in the shielding effect and the response increased again.

At 200 minutes into the accident, initiation of the HPIS filled

the downcomer and caused the SRM response to decrease by a factor of
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about 'T. At 225 minutes :nto the accident a portion of the molien
zone {n the center of the core apparently broke through the
surrounding crust and adbout 10 tons of the molten fuel materials
relocated to the lower head.

Based on the es.imated progression of the accident, the SRM
response for the first 225 minutes during the accident can then bde
reconstructed. The dest estimate SRM response using the neutronics
analysis .s shown in Fig. 5.1. As can be seen by comparing Figure 5.1
with the odbserved SRM response shown {n Fig. 4.3, all the major
features of the response have deen accounted for. It {s noted that
the above interpretation developed from an analysis of the SRM
response is consistent w!ih the accident scenario envisioned dy the
Accident Evaluation Program o7 the DOE. This study thus provides a

sem.~-independent ver.fication of the ;ostulated scenario.

5.2 Recommendations

ahile the work reported nere corrects a number of shortcomings in
previous studies and includes knaowledge only recently availabdble, there
sti{ll ~emain a number of .rresclved ques:ions. For example, what (s
the effect of a varying level !n the core bypass regicn on SRM
res-onse? Ia this and all previous stucdies, tnis region was
nomcgenized with the nc-mal Iore reglon. Thomas®?® has suggested :ina:t
the 2ore Dypass reglon ~ill1 1ot nave tne saze le2vel as the co-e dut
~asner ~‘.] act more li<e tne Jowncomer. [etajilec nycraulic stulles

are requ'red to reso.ve -~.3 Z!lscrepancy.
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Figure 5.1. Estimated SRM response during the TMI-2 accident.
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Furthermcre, his study analyzed the SRM response for only the
first 225 ain. of the accident. A number of features occur in the
SRM response deyond this time period and have as yet to be adequately
explained. For example, the clearly increasing SRM count rate from
5-'S hours «4ith the sudsequent decrease over the next 15 to 30 nours
(see Figure 1.2). This longer term response was {nitially thought to
be due to release of fission products to the coolant. Recent
inspection of the damaged core shows that consideradble material
relocated outwards from the core into the core former region. It is
possidle that the longer term SRM response might de explained dy that
aigration. Another point concerns the coolability of the fuel in
the lower heacd. This study assumed a homogenized fuel water mixture
in the lower head. It i{s known, however, that the fuel is compacted
i1to a roughly cylindrical volume. Attempts to incorporate this
compactec iower plenum fuel material in:o the study produced
anomalously low count rates. This suggests that further information
2ay be avalladle {n the SRM respcnse regarding the actual fuel
configuration at this point {r time.

Finally. t~!s study concluded that the control rod material began
ajgrating from the core near :he bdeginning of the core uncovery phase.
One Question worthy of examination concerns the possibdility of
recritica ity 2uring reflood at that time. A reflood wzull invdlve
the ‘njection o7 Righly borated water into a semirodless core., Tests
have shown tnat the -oron may precipitate out of the resulting stear
water mixture in the core region, effectively lowering the boron
201tent in the core reg.>n be.-. that otherwise anti{cipated. Another

question that should e acciressed concerns the amount of conirol rod



material in the core as a function of time and its effect on
recriticality under a postulated reflood.

Data is also available from the other nuclear instrumentation.
For example, the intermediate range detector data reported in NSAC-1
shows definite structure. Some of the structure parallels that seen
in the SRM data, whereas some does not. Previous work by the authors
of this work has shown that the detectors are sensitive to azimuthal
asymmetry in the source distribution. As a result, correlation and
analysis of the intermediate range data as well as the limited data
available from the other SRM may provide some information on the
asymmetry of the core damage progression.

Future work should address these areas of uncertainties relative
to the TMI-2 accident in crder to improve our understanding of the
core damage progression.

An improved understanding of the TMI-2 accident progression will
allow the TMI-2 research results to be more fully 1ntegrated with
other severe accident research towards resolving major technical
issues relative to core damage progression, reactor system thermal
hydraulic response and fission product transport during such

accidents.
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